The AP-1 transcription factor is activated by oncogenic signal transduction cascades and its function is critical for both mitogenesis and carcinogenesis. To define the role of AP-1 in the context of a human fibrosarcoma cell line, HT1080, we expressed a dominant negative c-jun mutant fused to the green fluorescent protein in an ecdysone-inducible system. We demonstrated that high levels of this mutant, GFP-TAM67, inhibit AP-1 activity and arrest cells predominately in the G1 phase of the cell cycle. This arrest is reversible and occurs only above a threshold concentration; low to moderate levels of GFP-TAM67 are insufficient for growth arrest. Contrary to expectations based on the literature, GFP-TAM67 does not inhibit expression of cyclin D1, cyclin E, or their respective cyclin-dependent kinases. However, pRB is hypophosphorylated in GFP-TAM67-arrested cells and the activity of both the cyclin D1:cdk and the cyclin E:cdk complexes are impaired. Both of these complexes show an increased association with p21
INTRODUCTION
AP-1 is a dimeric transcription factor that is composed of members of the Jun and Fos proto-oncogene families. AP-1 both activates and represses transcription through a cisacting element in the promoter of target genes and has long been associated with proliferation. Both c-fos and c-jun are immediate early genes that are rapidly and transiently induced by a large variety of mitogens via the ras-mitogenactivated protein (MAP) kinase pathway (Karin et al., 1997) . Microinjection of antibodies to AP-1 family members inhibits entry into S phase, indicating that general AP-1 activity is necessary for cell cycle progression (Kovary and Bravo, 1991) . Despite the necessity of AP-1 activity for proliferation, the specific function of AP-1 in the cell cycle is not well understood. Given that it exerts its biological effects by regulating the transcription of target genes, AP-1 presumably directs the expression of a critical target gene, or genes, in response to mitogenic signals. The cyclin D1 gene has emerged as one such possible target (Brown et al., 1998) . The promoter for cyclin D1 contains an AP-1 site and ectopic expression of either c-fos or c-jun induces cyclin D1 mRNA expression (Miao and Curran, 1994; Albanese et al., 1995) . Fibroblasts derived from mice that are null for both c-fos and FosB have an impaired proliferation and reduced levels of cyclin D1 (Brown et al., 1998) , as do fibroblasts that are null for c-jun (Schreiber et al., 1999) . Re-expression of cyclin D1 in these cells partially restores the proliferative phenotype (Brown et al., 1998) . These results suggest that cyclin D1 is a critical target of AP-1 during mitogenesis. However, transcriptional activation of the cyclin D1 gene might not be the sole function of AP-1 in regulating the cell cycle. It has been recently demonstrated that v-jun activates the cyclin E:cdk2 complex in chick embryo fibroblasts without affecting the level of expression of either cyclin E or cyclin D1 (Clark et al., 2000) . This result argues against the activation of the cyclin D1 gene expression being a critical function for AP-1 in all cell types. c-jun has also been demonstrated to positively regulate mouse embryo fibroblast proliferation in a p53-dependent manner (Schreiber et al., 1999) . However, there is evidence that AP-1 regulates the cell cycle in a p53-independent manner as well. Dominant negative c-jun constructs inhibit colony formation of transformed cells that have mutant p53 (Rapp et al., 1994) . c-jun has been reported to directly regulate the p21 CIP1/WAF1 promoter, both positively and negatively, via an SP-1 site, also suggesting a p53-independent mechanism (Kardassis et al., 1999; Wang et al., 2000) . These somewhat contradictory findings were derived from several different experimental systems and are not necessarily mutually exclusive. It is possible that AP-1 regulates proliferation by a variety of mechanisms that are cell type and growth context specific. Given this specificity, it is important to evaluate the function of AP-1 in a cell type that more closely models human disease than the mouse embryo fibroblast cells used in the above studies.
To investigate the role of AP-1 in the context of a human tumor cell line, HT1080, we have utilized the dominant negative mutant of c-jun, TAM67, fused to the green fluorescent protein (GFP) under the control of an ecdysoneinducible expression system. We demonstrate that high levels of GFP-TAM67 lead to a reversible G1 arrest in HT1080 cells; whereas low or moderate levels of GFP-TAM67 allow cells to proliferate normally. GFP-TAM67-mediated G1 arrest does not significantly alter the expression of cyclin D1 or cyclin E complex components. However, GFP-TAM67 arrest leads to hypophosphorylation of pRB and loss of activity of the cyclin D1:cdk4/6 and cyclin E:cdk2 complexes. The loss of cyclin E-and cyclin D1-dependent kinase activity correlates with an increase in the association of p21 CIP1/WAF1 with these complexes and an increase in p21 CIP1/WAF1 gene expression. These data suggest that the biochemical activation of existing cyclin complexes is a novel function of AP-1 in the regulation of human tumor cell proliferation and that this function is distinct from that previously described for AP-1 in untransformed cells.
MATERIALS AND METHODS

Plasmids
pCMV-TAM67 was a gift of Dr. Bradford W. Ozanne (Beatson Institute, Glasgow, Scotland) and the insert was fully sequenced at the University of Cincinnati DNA Core facility (Cincinnati, OH). Standard cloning techniques were utilized (Sambrook et al., 1989) . DNA fragments were excised from agarose gels and purified with kits from Qiagen (Chatsworth, CA). Plasmids were purified with Concert Maxiprep columns (GIBCO, Grand Island, NY). TAM67 was excised from pCMV-TAM67 as a RsaI-BamHI fragment and cloned into the EcoRV-BamHI site of the pIRESpuro vector (Clontech, Palo Alto, CA). To construct a GFP fusion, a BamHI-HindIII fragment was cut from the pIRES-TAM67puro plasmid and then ligated into the BamHI-HindIII sites of pEGFP-C3 (Clontech). To shift the TAM67 insert into frame with the GFP, this plasmid was linearized with HindIII, and the recessed ends were filled with T4 polymerase (GIBCO) and religated to generate an in-frame fusion between GFP and TAM67, designated pGFP-TAM67. To express GFP-TAM67 from a bicistronic vector the chimeric DNA encoding GFP-TAM67 was cut out of pGFP-TAM67 with the use of Eco47III and BamHI and cloned into the EcoRV and BamHI sites of pIRESpuro to generate pGFP-TAM67puro. To construct ecdysone-inducible GFP-TAM67, the insert was excised from pGFP-TAM67 with NheI and BamHI and cloned into the NheI and BamHI sites of pIND (Clontech) to generate pIND-GFP-TAM67.
Cell Culture
HT-1080 fibrosarcoma cells were originally obtained from the American Type Tissue Collection (Rockville, MD). Cells were grown in high glucose DMEM supplemented with 10% fetal calf serum, penicillin, and streptomycin (GIBCO Life Technologies, Gaithersburg, MD) at 37°C, 5% CO 2 , and 90% humidity. Transfections were routinely with the use of Fugene-6 (Roche Biochemicals, Indianapolis, IN). For selection of ecdysone-inducible clones, 1 g each of pIND-GFP-TAM67 and the regulatory plasmid pVgRXR were transfected as above selected in 400 g/ml Zeocin (Invitrogen, San Diego, CA) and 800 g/ml G418 (GIBCO Life Technologies). Transfections with an empty pIND vector and pVgRXR were performed to generate control cell lines. Medium was changed every 3 d and resistant colonies were isolated, expanded, and screened for induction of green fluorescence by flow cytometry.
Confocal Microscopy
GFP was visualized after fixation in 4% paraformaldehyde with the use of a LSM510 laser scanning confocal microscope (Zeiss, Oberkochen, Germany). For ponasterone induction of GFP-TAM67, iGT1a cells were grown in four-well chamber slides with and without 10 M ponasterone A for 24 h. The samples were fixed as above permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 5 min. Cells were counterstained with 13.2 nM Alexafluor 568 phalloidin (Molecular Probes, Eugene, OR) in PBS for 20 min at room temperature, washed three times with PBS, and mounted with Gelmount (Fisher Scientific, Pittsburgh, PA).
Reporter Gene Assays
The reporter plasmids used were pAP1-SEAP (Clontech), containing four tandem copies of the AP-1 consensus sequence, TGA(G/ C)TCA, fused upstream of a minimal TATA-like promoter from the Herpes simplex thymidine kinase gene controlling the expression a heat-stable secreted alkaline phosphatase (SEAP) reporter gene. The pTAL-SEAP (Clontech), an identical plasmid lacking enhancer elements, served as a negative control. pSEAP2 (Clontech) expressing SEAP under the control of the SV40 early region promoter and enhancer elements served as a positive control. iGT1a and iC1 cells were each plated in two six-well plates at 1 ϫ 10 5 cells per plate, and ponasterone A was added to 10 M to one plate. Cells were transfected with 0.5 g pCMV-␤-galactosidase (Clontech) and 1.5 g of the SEAP reporter plasmid and incubated for 48 h. Conditioned medium was collected and serum-derived alkaline phosphatases were heat inactivated at 65°C for 30 min. Chemiluminescent assays for SEAP activity were performed in triplicate in opaque microtiter plates (Fisher, Pittsburgh, PA) with the use of CSPD (Boehringer Mannheim, Indianapolis, IN) as a substrate. Unconditioned heatinactivated medium was used a negative control and unheated medium served as a positive control for the CSPD assay. For each reaction 20 l of conditioned medium were mixed with 200 l of CSPD reaction buffer (11 mM NaCl, 11 mM Tris, pH 9.5, 16.66 M CSPD), sealed, and incubated for 15 min at 37°C. Chemiluminescence was then measured with a Topcount microplate scintillation counter (Packard, Meriden, CT). ␤-Galactosidase activity was determined from transfected cell lysates by a microtiter ONPG assay, and 20 l of the protein lysate were mixed with 200 l of ONPG reaction buffer (1 mg/ml ONPG (Sigma, St. Louis, MO), 50 mM ␤-mercaptoethanol, 0.1 M sodium phosphate buffer, pH 7.5). Plates were sealed and incubated at 37°C for 30 -90 min and the adsorbance at 410 nm was read with a MR700 microtiter plate reader (Dynatech, Chantilly, VA). Secreted alkaline phosphatase activity was the expressed as counts per second (cps) normalized for ␤-galactosidase activity per milligram of protein.
Cell Cycle Analysis
Control and GFP-TAM67 cell lines were plated to ϳ80% confluence, 3 ϫ 10 5 cells/35-mm dish, and treated with the indicated doses of ponasterone A from a 2 mM stock in ethanol. After 24 h cells were trypsinized, washed three times in cold PBS, and fixed in cold 70% ethanol for 15 min at Ϫ20°C. Cells were then stained with 10 g/ml propidium iodide (Molecular Probes) and 40 g/ml RNase A (Sigma) in PBS for 20 min at room temperature. Cells were then washed and resuspended in 1 ml of PBS and analyzed on a Epics XL flow cytometer (Coulter, Palo Alto, CA). 
Growth Curves
iC1 and iGT1a cells were each seeded into two 10-cm dishes at 1 ϫ 10 6 per plate and treated with or without ponasterone A as described above for 24 h. The plates were then washed three times AP-1 Activates G1-Cyclin-dependent Kinases Vol. 12, August 2001with PBS and trypsinized, and each was seeded into four six-well plates at 1 ϫ 10 5 cells/plate. Ponasterone was added to 10 M to three wells per plate. Cell counts were determined every day for 4 d with a Z1 Coulter counter.
Immunoprecipitation
Immunoprecipitations were performed as previously described (Rauscher et al., 1988a) . Briefly, iGT1a cells were plated in 35-mm dishes with 10 M ponasterone A or vehicle for 24 h. Cells were then washed and grown in 0.5 ml of free DMEM (GIBCO). After addition of 0.5 mCi 35 S-labeled cysteine and methionine, cells were incubated for 30 min. Samples were then rinsed twice with cold PBS and lysates were made with 1 ml of RIPA (0.15 M NaCl, 10 mM Tris-Cl, pH 7.4, 1 mM EDTA, 1% Triton X-100, 0.5% desoxycholate, 0.1% SDS). Boiled lysates were made with 0.2 ml of denaturing lysis buffer (2% SDS, 50 mM Tris-Cl, pH 7.4, 1 mM EDTA), boiled for 5 min, and then added to 0.8 ml of RIPA. Both types of lysate were cleared by centrifugation and immunoprecipitated with 0.4 g of anti-GFP or control immunoglobulin G and protein A/G agarose. Immunoprecipitations were run on a 10% PAGE and autoradiography was performed after soaking in Enhance (Amersham, Piscataway, NJ).
Immunoblotting
Cell lysates were prepared with RIPA buffer containing cocktail of protease inhibitors (Sigma). Protein concentrations were determined with the BCA kit (Pierce, Rockford, IL). GFP fluorescence was visualized from nondenaturing SDS-PAGE gels with the use of a Molecular Dynamics STORM phosphoimager in blue fluorescence mode. For immunoblotting, 20 g of cell lysates were electrophoresed on SDS-polyacrylamide gels, transferred to polyvinylidene difluoride (PVDF) membranes (Amersham) and processed as previously described. (Sambrook et al., 1989) .
Kinase Assays
Cyclin E and cyclin D1 kinase assays were performed as previously described (Guadagno and Assoian, 1991; Saha et al., 1997) . Briefly, 1 ϫ 10 6 iGT1a cells were plated in a 10-cm dish and treated with 10 M ponasterone A or vehicle control for 24 h, lysed with the appropriate buffers, precleared, and then immunoprecipitated with either anti-cyclin E (antibody-1; Labvision, Fremont, CA) or an anti-cyclin D1 antibody (DCS-11; LabVision). Immunoprecipitates were then split, and one aliquot was used in the kinase assay with either histone H1 or pRB-GST as a substrate. The other aliquot was used in immunoblot analysis to confirm immunoprecipitation.
Northern Blots
Total RNA was prepared from iGT1a cells with and without ponasterone A with Trizol (GIBCO). Five micrograms of each was run on a 1% agarose-formaldehyde gel, transferred to Hybond-N (Pharmacia), and probed with randomly primed 33 P-labeled probe in Rapid-Hyb solution (Amersham, Piscataway, NJ). Blots were washed in 2ϫ SSC, 1% SDS at 65°C for 2 ϫ 10 min and twice in 0.5ϫ SSC, 1% SDS at 65°C for 20 min.
Antibodies
In this study we used antibodies to c-jun (antibody-1; Oncogene Research, San Diego, CA), GFP, (7.1 and 13.1; Boehringer Mannheim), cyclin B1 (GNS-1; Santa Cruz), cyclin A (H432; Santa Cruz, a gift from Dr. Kenji Fukasawa), RB (1F8; Lab Vision), cyclin E (HE12 and antibody-1; Lab Vision), cyclin D1 (DCS-11 and antibody-3; Lab Vision), CDK2 (antibody-3; Lab Vision), CDK4 (antibody-4; Lab Vision), p21 WAF1/CIP1 (antibody-7; Lab Vision), p27Kip1(sc-776; Santa Cruz, a gift from Dr. Larry Sherman), and p53 (Pab1801; a gift from Dr. Kenji Fukasawa).
RESULTS
Construction of a GFP-TAM67 Fusion Protein
As a means of monitoring TAM67 expression, we fused it to the C terminus of GFP, which allowed easy visualization by fluorescence microscopy ( Figure 1A ). When transfected into HT1080 cells, GFP-TAM67 is localized to the nucleus ( Figure  1B ). To confirm the identity of this nuclear localizing protein, HT1080 cells were transiently transfected with pCMV-GFP-TAM67 or control pEGFP-C3 plasmids. Lysates from these transfections were immunoprecipitated with an anti-GFP monoclonal antibody and fractionated on an SDS-polyacrylamide gel under nonreducing conditions. The gel was then scanned with a Molecular Dynamics phosphoimager in blue fluorescence mode revealing an ϳ53-kDa green fluorescent band in the GFP-TAM67-transfected lane ( Figure 1C , lane 2) and a 26-kDa fluorescent band in the control GFPtransfected lane ( Figure 1C , lane 1). After transfer to a PVDF membrane, the 53-kDa band reacted with anti-jun antibodies, confirming its identity as a GFP-TAM67 fusion protein ( Figure 1D ).
GFP-TAM67 Inhibits HT1080 Colony Formation
To more effectively express the GFP-TAM67 fusion protein we subcloned it into the bicistronic expression plasmid pIRESpuro. This vector expresses the gene of interest and the gene encoding resistance to puromycin as a single transcription unit separated by a viral internal ribosome entry site. Because of this physical linkage, selection for puromycin ensures the expression of GFP-TAM67 in resistant cells. To determine whether the GFP fusion interferes with TAM67 function, colony formation assays were performed. Bicistronic plasmids expressing TAM67, GFP-TAM67, or GFP were transfected into HT1080 cells, in duplicate. After 2 d, one set of transfections was harvested for Western blot analysis and the other set was plated in selective medium containing 0.5 g/ml puromycin. After 2 weeks colonies were counted. Immunoblot analysis of the transient transfections showed equivalent expression of TAM67 and GFP-TAM67 ( Figure 2B ). Both TAM67-and GFP-TAM67-transfected cells yielded a small number of colonies, 3.7 Ϯ 4 and 3.0 Ϯ 1/plate, respectively. In contrast, the GFP-transfected cells developed 29 Ϯ 1 colonies/plate, indicating that overexpression of GFP alone is not growth inhibitory. No colonies grew in the mock-transfected controls (Figure 2A ). This 10-fold reduction in colony formation relative to GFP shows that the GFP-TAM67 construct has the same biological activity as TAM67. Although colony formation was significantly inhibited, viable colonies expressing GFP-TAM67 could be isolated. Further experiments revealed that the number of GFP-TAM67-expressing colonies was dependent on the concentration of puromycin. Fewer colonies were seen at high levels of puromycin and more colonies were seen at lower doses (Hennigan and Stambrook, unpublished results). High concentrations of puromycin select for cells expressing high levels of the puromycin resistance gene. The concurrent high level expression of TAM67 or GFP-TAM67 resulted in inhibition of growth. At lower concentrations of puromycin, lower levels of the puromycin resistance gene are sufficient for drug resistance and the lower levels TAM67 and GFP-TAM67 do not inhibit growth. These results suggest that there is a threshold above which expression of GFP-TAM67 and TAM67 are growth inhibitory in HT1080 cells.
Ecdysone-inducible GFP-TAM67
To define the growth inhibitory activity of GFP-TAM67 more fully, we generated cell lines that express GFP-TAM67 conditionally by cotransfecting HT1080 with a regulatory vector pVgRXR and the ecdysone-inducible expression vector pIND containing GFP-TAM67 or with empty vector as a control. After coselection in G-418 and Zeocin, single colonies were isolated and the induction of GFP-TAM67 by the ecdysone analogue ponasterone A was measured by flow cytometry. To confirm inducible expression one clone, iGT1a, was treated with 10 M ponasterone A ( Figure 3B ) or with vehicle ( Figure 3A ) for 16 h and observed by confocal microscopy. A weak green fluorescence, localized to the nucleus, was apparent in the untreated cells indicating a low level expression of GFP-TAM67. Addition of 10 M ponasterone induced a significant increase of green nuclear fluorescence in all cells in the field. Immunoblots of iGT1a lysates probed with an anti-c-jun antibody confirmed that this induced protein is GFP-TAM67 ( Figure 3C ). Longer exposure of this blot revealed that the levels of GFP-TAM67 in the uninduced cells were roughly equivalent to the endogenous c-jun, indicating that induction by ponasterone A results in overexpression of GFP-TAM67 without affecting the amount of endogenous c-jun. To determine whether heterodimerization occurs between GFP-TAM67 and other leucine zipper proteins, uninduced and induced iGT1a cells were metabolically labeled and lysates were either prepared under nondenaturing conditions that allow Fos and Jun heterodimerization (Rauscher et al., 1988a) or denatured by boiling. Immunoprecipitation with anti-GFP antibodies revealed GFP-TAM67 as two major bands from 50 -60 kDa that are induced by ponasterone. Autoradiography revealed an identical pattern between the boiled and unboiled lysates ( Figure 3D ), suggesting that GFP-TAM67 does not interact with other leucine zipper proteins.
GFP-TAM67 Expression Inhibits AP-1 Activity
To determine the effect of GFP-TAM67 on AP-1 activity, iGT1a or control iC1 cells were plated in the presence or absence of 10 M ponasterone A and then cotransfected with a plasmid containing a minimal promoter with four copies of an AP-1 consensus site driving a SEAP reporter gene. SEAP activity was normalized for transfection efficiency with the use of a cytomegalovirus-driven immediate early promotor ␤-galactosidase reporter construct. Induction of GFP-TAM67 by ponasterone A inhibited AP-1 activity by fivefold in iGT1a cells but not in control iC1 cells (Figure 4) . The magnitude of the reduction of AP-1 activity did not correlate with the large increase in GFP-TAM67 concentration. This might be a result of with the use of a transient transfection system in which the reporter gene is expressed from many copies of the reporter plasmid in an episomal state, requiring a higher concentration of GFP-TAM67 for inhibition. These results demonstrate a clear negative effect of GFP-TAM67 expression on AP-1 activity and show that it is specific for GFP-TAM67 expression and is not an artifact of the inducible expression system.
GFP-TAM67 Arrests Cells in G1
To determine whether GFP-TAM67 expression affected a specific stage of the cell cycle, dual parameter flow cytometry experiments were performed. The control iC1 cell line and the inducible GFP-TAM67 cell line, iGT1a, were treated with 10 M ponasterone A for 16 h. Samples were then fixed, stained with propidium iodide, and analyzed by flow cytometry. In the absence of ponasterone A, the cell cycle profile of iGT1a cells was normal ( Figure 5 ). Uninduced iGT1a cells had a slightly elevated green fluorescence relative to uninduced iC1 cells, indicative of the basal expression of GFP-TAM67 that was apparent by confocal microscopy and Western blot. As expected ponasterone A had no affect on the cell cycle profile of control iC1 cells and did not increase their green fluorescence ( Figure 5, A and B) . Administration of ponasterone to iGT1a cells caused a 100-fold increase in green fluorescence in 90% of the cells. Of this induced population, 95% were arrested in G1, none were arrested in S, and 5% were arrested in G2 ( Figure 5, C and  D) . The remaining 10% were moderately induced, if at all, and the cell cycle profiles of this population were identical to uninduced controls. Identical ponasterone A-induced cell cycle arrest was seen with two other GFP-TAM67-inducible cell lines and transient transfection studies have demonstrated arrest in other human tumor-derived cell lines, i.e., HeLa, TSU pr1, and A431 (Hennigan and Stambrook, unpublished results). These results demonstrate that a high concentration of GFP-TAM67 expression in HT1080 cells caused a cell cycle arrest predominantly in G1 within 24 h.
GFP-TAM67-induced Arrest Is Reversible
To determine whether the G1 arrest induced by GFP-TAM67 is reversible, iGT1a cells were treated with ponasterone A for 24 h and cultured in the presence or absence of the inducer; then the growth kinetics of these populations were measured. As a control the growth kinetics of uninduced cells in the presence and absence of ponasterone A were also measured. iGT1a cells that had been arrested and then washed free of ponasterone displayed a lag phase in the first 24 h period relative to the asynchronously growing uninduced cells ( Figure 5E ). However, after 48 h, the previously arrested population grew at nearly the same rate as the asynchronous population ( Figure 5E ). Adding ponasterone to the asynchronous population or maintaining ponasterone in the arrested population dramatically slowed, but did not stop, growth in both populations. This slow increase in cell number was due to the expansion of the uninduced population seen in flow cytometry; the induced population remained viable and arrested in G1 for days after ponasterone A treatment (Hennigan and Stambrook, unpublished results). No sub-G1 cell populations were apparent in GFP-TAM67-positive cells and growth resumed upon removal of ponasterone, indicating that GFP-TAM67 did not induce apoptosis or terminal differentiation.
GFP-TAM67 Does Not Restore Contact Inhibition of Growth to HT1080 Cells
HT1080 cells have an activated N-ras mutation that is responsible for their transformed phenotype (Paterson et al., 1987) . Because ras activation induces expression of the AP-1 components c-fos (Stacey et al., 1987) and c-jun and this expression is necessary for oncogenic ras function (Ledwith et al., 1990; Lloyd et al., 1991) , it is possible that the G1 arrest caused by GFP-TAM67 is an indirect consequence of reversion of the transformed phenotype. Specifically, GFP-TAM67 might restore contact inhibition of proliferation caused by activated N-ras in HT1080 cells, a condition that would also engage a late G1 checkpoint (Guadagno and Assoian, 1991) . To test this possibility, iGT1a cells were plated at low, medium, and high density and then treated with 10 M ponasterone A, and 24 h later cell cycle profiles were determined. Ponasterone A-induced cell cycle arrest occurred at all three densities, (Figure 6 ), indicating that GFP-TAM67 did not restore contact inhibition of growth and suggesting that the role of AP-1 activity in regulating progression through the G1 phase of the cell cycle is direct.
Threshold Effect of GFP-TAM67 Expression on G1 Arrest
Previous experiments with the bicistronic vectors suggested that cell cycle arrest occurred only in cells expressing high levels of GFP-TAM67. To confirm this, the dose response of ponasterone A on iGT1a cell cycle progression was measured by flow cytometry for a range of ponasterone A concentrations from 0.078 to 10 M. The green fluorescence intensity of uninduced cells was between 1 and 10 U in an arbitrary 4-log scale and these cells had a G1:S:G2/M ratio of 53.13, 32.02, and 14.86%, respectively (Figure 7 ; Table 1 ). Induction of GFP-TAM67 expression was measurable at the lowest doses of ponasterone A, at 0.078 and 0.158 M, with the proportion of G1 cells increasing in 2% increments with successive doses of ponasterone (⌬G1%, Table 1 ). Greater concentrations of inducer, from 0.312 to 1.25 M, resulted in heterogeneous expression of GFP-TAM67, as indicated by the broad distribution of cells in the vertical axis of the dot plots. Cells expressing moderate levels of GFP-TAM67, with green fluorescence intensities between 10 and 100 U, still proliferated but the proportion of cells in G1 increased more dramatically, now by 10% increments with successive doses of ponasterone (⌬G1%, Table 1 ). Cell cycle arrest was seen only in those cells expressing the most GFP-TAM67, at fluorescence intensities of 100 U or higher. This trend continued; at the highest doses used, 2.5-10 M, the proportion of cells in G1 approached 90%. At 10 M ponasterone, most of the cells had a green fluorescence intensity of Ͼ100 U and this population had a G1:S:G2/M ratio of 92.59, 3.57, and 3.84%, respectively. These data indicate that high levels of GFP-TAM67 are required to arrest cells in G1.
GFP-TAM67 Does Not Affect the Expression of Components of G1 Cyclin-CDK Complexes
It has been suggested that AP-1 family members regulate cell cycle by inducing the expression of cyclin D1 via AP-1 sites in its promoter region (Brown et al., 1998) . It is therefore possible that GFP-TAM67 arrests cells in G1 by inhibiting the expression of cyclin D1 or of another component of the cyclin D1-cdk4/6 or cyclin E-cdk2 complexes. To test this, immunoblot analysis was performed on lysates from iGT1a cells exposed to a range of ponasterone A concentrations ranging from 0.078 to 10 M (Figure 7) . As a control for GFP-TAM67 induction, samples were probed with an anti-GFP monoclonal antibody. Increasing amounts of the 53 kDa GFP-TAM67 mirrored the induction seen by the same concentrations of ponasterone A by flow cytometry in Figure 7 . Note the steady rise in GFP-TAM67 expression in contrast to the sharp increases in the proportion of cells in G1 presented in Table 1 . Expression of cyclin B1 was inversely proportional to GFP-TAM67 expression. Cyclin A levels also decreased with increasing ponasterone A concentration but less dramatically than seen for cyclin B1. This reduction in cyclin B1 and cyclin A expression is consistent with a late G1 arrest. The retinoblastoma gene product showed a progressive hypophosphorylation with increasing ponasterone as indicated by the appearance of a higher mobility band, accompanied by a reduction in the overall levels of this protein. This suggests that the function of the G1 cyclinkinase complexes are impaired by GFP-TAM67. Immunoblot analysis showed that the amounts of cyclin E and cyclin D1 were essentially unchanged in response to ponasterone, as were the levels of cdk2 and cdk4. Cyclin D3 and cdk6 levels were equivalent between treated and untreated cells, whereas cyclin D2 could not be detected by Western blot (Hennigan and Stambrook, unpublished results). The results of this experiment rule out the possibility that GFP-TAM67 inhibits the expression of any component of the cyclin D1 or cyclin E complexes in this cell type.
We also tested whether GFP-TAM67 increased the expression of a variety of cyclin D1-cdk inhibitors. Immunoblot analysis failed to show expression of either p16 ink4a or any of the other cyclin D1 inhibitors, p15
INK4b , p18 INK4c , or p19
INK4d (Hennigan and Stambrook, unpublished results). Levels of p27 KIP1 were constitutively high and modestly elevated upon ponasterone administration (Figure 8) .
It has been shown that c-jun represses p53 induction in mouse embryo fibroblasts, causing increased amounts of p21 CIP1/WAF1 to inhibit growth (Schreiber et al., 1999) . Ponasterone A significantly increased p21 CIP1/WAF1 expression. Basal expression of p53 were high and ponasterone caused a reduction of p53 levels. The increase in p21 CIP1/WAF1 expression in response to GFP-TAM67, coupled with the reduction levels of p53 caused by ponasterone, rules out a mechanism for AP-1 function similar to that described in mouse embryo fibroblasts, in which GFP-TAM67 relieves an AP-1-mediated repression of the p53 gene. It is possible that this increase in p21 CIP1/WAF1 expression is responsible for GFP-TAM67-induced G1 arrest. To determine this a more careful analysis of the activity and constitution of the cyclin D1 and the cyclin E complexes was necessary.
GFP-TAM67 Expression Inhibits Cyclin D1-and Cyclin E-dependent Kinase Activities and Induces p21 CIP1/WAF1
Because the protein levels of the cyclin D1 and cyclin E complex were unchanged, an alternate explanation of the G1 arrest is that GFP-TAM67 inhibits phosphorylation of pRB by preventing the activation of these complexes rather than the expression of their component genes. To confirm this in vitro kinase assays were performed. Cyclin E was immunoprecipitated from lysates of iGT1a cells treated with vehicle or 10 M ponasterone A for 24 h. Kinase assays were then performed with histone H1 as a substrate. This experiment showed that the cyclin E immunoprecipitated from induced cells was unable to phosphorylate histone H1 ( Figure 9A ). Uninduced cells had a robust histone H1 kinase activity, and immunoblot analysis of these immunoprecipitates showed that the amount of cyclin E in the reactions was equivalent between induced and uninduced cells. Cyclin D1 immunoprecipitates also had a reduced kinase activity to a recombinant pRB-GST fusion protein ( Figure 9B ). Blots of these immunoprecipitates also showed equal levels of cyclin D1. Although the reduction in cyclin D1 kinase activity was not as large as that seen in the cyclin E immunoprecipitates, the degree of inhibition of cyclin D1 kinase activity was significant, from 5-to 10-fold. Significantly, immunoblots of both cyclin E and cyclin D1 immunoprecipitates revealed a dramatic increase in the amount of p21 CIP1/WAF1 that associated with these complexes (Figure 9, A and B) . Northern blot analysis confirmed that the mRNA for p21 CIP1/WAF1 was induced by ponasterone A by sixfold, comparable to the induction of GFP-TAM67. In contrast mRNA for an unrelated gene, HMG-I(Y), was reduced by twofold ( Figure 9D ). No change in the levels of two proteins that activate cdks, cdc25a and cdk7, were seen in response to GFP-TAM67 ( Figure 9C.) . Also, overexpression of cdc25a failed to rescue the growth inhibitory function of GFP-TAM67 in a colony Figure 7 . G1 arrest by GFP-TAM67 is dose dependent. Cells were treated with the indicated doses of ponasterone A for 24 h and analyzed by flow cytometry. GFP fluorescence is depicted on the Y-axis and DNA content is depicted on the X-axis. The proportion of cells in each the three phases of the cell cycle and increase in G1 phase (⌬%G1) with successive doses of ponasterone A is presented in Table 1. formation assay (Hennigan and Stambrook, unpublished results) . This experiment confirmed that the activity of the cyclin D1-and cyclin E-dependent kinase complexes was inhibited in cells expressing GFP-TAM67 and suggests that the induction of the p21 CIP1/WAF1 gene by GFP-TAM67 is responsible for the inhibition of cyclin E and cyclin D1 kinase activity.
DISCUSSION
We have previously demonstrated that expression of TAM67 in FBR v-fos-transformed rat fibroblasts inhibits invasion in vitro (Lamb et al., 1997) . Others have shown a similar inhibition by TAM67 of mouse keratinocyte invasion in response to 12-O-tetradecanoylphorbol 13-acetate (Dong et al., 1997) . When expressed in human A431 carcinoma cells, TAM67 inhibits motility and cytoskeletal rearrangements response to epithelial growth factor by preventing activation of rac and rho (Malliri et al., 1998) . These publications demonstrate an important role for AP-1 in mediating biological functions that are critical for motility and metastasis, aspects of tumor progression that do not directly involve regulation of proliferation. However, the existence of tumor cell lines constitutively expressing TAM67 is inconsistent with previous work showing that overexpression of this mutant inhibits proliferation of transformed cells (Brown et al., 1993; Rapp et al., 1994) . We sought to resolve this inconsistency by fusing TAM67 to GFP and expressing it from both the bicistronic and ecdysone-inducible expression vectors. These experiments show that a high level of GFP-TAM67 expression in HT1080 inactivates the cyclin D1:cdk4/6 and cyclin E:cdk2 complexes and arrests in the cells in G1. The p21 CIP1/WAF1 mRNA is induced by GFP-TAM67, and the p21 CIP1/WAF1 protein associates with inactive cyclin D1 and cyclin E complexes in arrested cells.
Cell Cycle Control
The mechanism by which the ras-MAP kinase signal transduction cascade interacts with the RB pathway during cell cycle progression is poorly understood. The induction of AP-1 activity in response to upstream signaling and the identification of cyclin D1 as a potential target of AP-1 indicates that the ras-MAP kinase and RB pathways are connected through AP-1 via cyclin D1 regulation (Miao and Curran, 1994; Bakiri et al., 2000) . However, our data argue against cyclin D1 as a critical target of AP-1 in HT1080 cells and suggest an alternative role for AP-1 in controlling the activity of G1 cyclin:cdk complexes by regulating the expression of p21 CIP1/WAF1 . Infection of chick embryo fibroblasts with v-jun induces proliferation by activating the cyclin E:cdk2 complex without increasing the expression of its component genes or cyclin D1 (Clark et al., 2000) , an observation that is complimentary to the results described here. Induction of p21 CIP1/WAF1 mRNA by GFP-TAM67 is p53 independent, as indicated by the reduction of p53 levels that is coincident with the increase in GFP-TAM67 and p21 CIP1/WAF1 levels. This is in contrast to a report describing c-jun as participating in a p53-dependent regulation of p21 CIP1/WAF1 in c-jun null MEFs (Schreiber et al., 1999) . The fact that GFP-TAM67 expression did not reduce cyclin D1 levels is probably due to a combination of the complexity of the endogenous cyclin D1 promoter region and the cell background used. The cyclin D1 promoter region has elements that are responsive to a variety of stimuli (Albanese et al., 1995; Lee et al., 1999; Matsumura et al., 1999) , indicating that the cyclin D1 promoter is regulated by multiple, redundant signaling pathways. Many of the experiments identifying cyclin D1 as a biologically significant target of AP-1 were preformed in primary mouse fibroblast cells derived from nullizygous embryos and represent the behavior of AP-1 in normal, untransformed cells (Brown et al., 1998; Wisdom et al., 2000) . In contrast, HT-1080 is a fully transformed human tumor cell that is known to have impaired p53 function, activated N-ras, and to express autocrine motility and growth factors (Paterson et al., 1987; Silletti and Raz, 1993; Paulson et al., 1998) . The finding that AP-1 has different targets in HT1080 cells and mouse embryo fibroblasts is significant in terms of understanding the role of AP-1 in malignant disease. HT1080 is derived from a tumor cell population that has undergone successive rounds of selection in vivo for aggressive growth and metastasis and is a better model for the type of cell that is the ultimate target of antitumor therapies.
Mechanism of GFP-TAM67 Action
The TAM67 mutant is particularly well suited as a tool to investigate AP-1 function in transformed cells. TAM67 fails to induce transcription via AP-1 elements because of a deletion, from amino acids 3-122, that removes the major transactivating domain but retains the DNA-binding region and the leucine zipper dimerization domain (Alani et al., 1991) . As a result TAM67 has the ability to interact with the same range of AP-1 proteins as c-jun, thereby functioning as a global inhibitor of the AP-1 transcription factor complex (Curran and Franza, 1988; Benbrook and Jones, 1990 ). In addition, TAM67 has the ability to interfere with interactions on composite elements between AP-1 complexes and other transcription factors such as the glucocorticoid response factor and NF-AT (Petark et al., 1994; Cippitelli et al., 1995) . The dominant negative activity of TAM67 is thought to be the result of two possible mechanisms. The first mechanism is "quenching," the formation of inactive heterodimers between TAM67 and AP-1 proteins (Brown et al., 1994) . A second mechanism is "blocking," TAM67 dimers preventing functional AP-1 complexes from binding to target DNA, The proportion of cells in G1, S, or G2/M phase of the cell cycle was derived from the data presented in figure 7 . The second column (⌬G1%) represents the increase in the proportion of cells in G1 compared to the previous dose.
thus inhibiting AP-1-mediated gene expression (Brown et al., 1994) . Immunoprecipitation experiments with radiolabeled lysates prepared under denaturing and nondenaturing conditions suggest that at high concentrations, GFP-TAM67 predominately forms homodimers. The absence of heterodimers between GFP-TAM67 and endogenous leucine zipper proteins is unexpected. It is possible that GFP-TAM67 interacts with less abundant binding partners that are not visible in the radioimmunoprecipitation assay. However, this preponderance of GFP-TAM67 homodimers might account for the requirement of high levels of GFP-TAM67 to induce G1 arrest. Because Jun-Jun homodimers have a 30-fold lower affinity for DNA than Fos-Jun heterodimers (Rauscher et al., 1988b) , higher concentrations of GFP-TAM67 homodimers might be necessary to block endogenous AP-1 DNA-binding activity in vivo.
The induction of p21 CIP1/WAF1 by GFP-TAM67 suggests that it counteracts an AP-1-mediated repression of the p21 CIP1/WAF1 promoter. One report suggests that p21 CIP1/WAF1 is repressed via an AP-1-like site at Ϫ1510 in the promoter (Crowe et al., 2000) . Intriguingly, c-Jun has been implicated in separate reports as either inducing or repressing p21 CIP1/WAF1 expression by an unconventional mechanism (Kardassis et al., 1999; Wang et al., 2000) . Although these reports demonstrate opposing effects of c-jun in different cell backgrounds, they both map the c-jun interacting site as a proximal Sp-1 element located from Ϫ122 to Ϫ64 of the promoter. Both papers describe an atypical interaction between c-jun and Sp-1 that does not involve the binding of c-jun to DNA. Interestingly, it was found that the leucine zipper domain alone mediated this "superactivator" function of c-jun. This suggests that rather than inhibiting an AP-1-mediated repression by the blocking mechanism described above, GFP-TAM67 might directly activate the p21 CIP1/WAF1 promoter by acting as a superactivator. Further experiments are required to determine whether interactions between Sp-1 and either endogenous c-jun or GFP-TAM67 directly regulate p21 CIP1/WAF1 expression in HT1080 cells. However, this kind of c-jun-mediated activation, one that is independent of the transactivating domain, could explain the previously reported behavior of a fusion between TAM67 and the TAF2 ligand-dependent transactivating domain of the estrogen receptor. This construct displayed a restored AP-1-transactivating activity but still inhibited transformation by activated c-Ha-ras or c-raf, thus separating the AP-1 transactivation from the dominant negative function of TAM67 (Kim et al., 1996) . This also is interesting in light of experiments with a temperature-sensitive mutant of v-fos, which suggest that the ability to activate AP-1-dependent transcription is dispensable for transforming activity (Joos and Muller, 1992) .
Many studies utilizing antisense and dominant negative strategies have demonstrated that AP-1 is a critical downstream target of the ras-MAP kinase pathway (Mercola et al., 1987; Ledwith et al., 1990; Roux et al., 1990; Rapp et al., 1994; Suzuki et al., 1994; Johnson et al., 1996; Kralova et al., 1998) . It is a transcription factor that translates short-term biochemical signals generated by mitogenic and oncogenic signal transduction cascades into long-term changes in gene expression that constitute the neoplastic phenotype. The work described here establishes a novel, AP-1-dependent, link between oncogene-mediated signal transduction cascades and cell cycle control by regulating the activation of cyclindependent kinase activity via the p21 CIP1/WAF1 gene. Ultimately, elucidation of the mechanism by which GFP-TAM67 regulates p21
CIP1/WAF1 will provide valuable insight into the role of AP-1 in the regulation of tumor cell proliferation.
